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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• Nalmefene is a new drug approved for

patients with alcohol dependence.
• Nalmefene is an opioid system modulator,
with antagonist activity at the μ and δ
receptors and partial agonist activity at the
κ receptor.

WHAT THIS STUDY ADDS
• A population pharmacokinetic model for
nalmefene was developed and validated
and related to occupancy of the μ-opioid
receptors.

• By modelling/simulating the nalmefene

that the occupancy of the μ-opioid
receptors by nalmefene will be within or
above 60–90% for up to 22–24 h after a
single dose of 20 mg nalmefene.

© 2/ 290–300 / 81:2 / Br J Clin Pharmacol
Correspondence
Dr Johan Areberg, Ph.D, Clinical &
Quantitative Pharmacology, H. Lundbeck
A/S, Ottiliavej 9, 2500 Valby, Denmark.
Tel.: +45 3083 3075
Fax: +45 3643 8285
E-mail: Joar@Lundbeck.com
----------------------------------------------------

Keywords
alcohol dependence, healthy subjects,
nalmefene, opioid antagonist,
pharmacodynamics, pharmacokinetics
----------------------------------------------------

Received
12 May 2015

Accepted
14 October 2015

Accepted Article
Published Online
19 October 2015
AIMS
The aims of this study were to develop a population pharmacokinetic (PK)
model to describe the PK of nalmefene in healthy subjects and to relate the
exposure of nalmefene to the μ-opioid receptor occupancy by simulations in
the target population.
reduction of alcohol consumption in adult

METHODS
Data from nine phase I studies (243 subjects) with extensive blood sampling
were pooled and used for the population PK model building. Data from four
other phase I studies (85 subjects) were pooled and used as an external
validation dataset. Eight subjects from an imaging study contributed occupancy
data and the pharmacokinetic/pharmacodynamic (PK/PD) relationship was
modelled. Combining the population PK model and the PK/PD relationship
enabled simulations to predict μ-opioid occupancy.
RESULTS
A two compartment model with first order absorption best described the
nalmefene PK data. The typical subject in the population was estimated to have
a systemic clearance of 60.4 l h�1 and a central volume of distribution of 266 l.
Absolute oral bioavailability was estimated to 41% without food intake and with
food about 53%. Simulation of the μ-opioid receptor occupancy shows that the
95% confidence bound is within or above 60–90% occupancy for up to 22–24 h
after a single dose of 20 mg nalmefene.
pharmacokinetics/dynamics, it was shown

CONCLUSIONS
A robust population PK model for nalmefene was developed. Based on the
concentration–occupancy model the μ-opioid receptor occupancy after a single
20 mg dose of nalmefene is predicted to be above the target therapeutic
occupancy for about 24 h in about 95% of the target population.
015 The British Pharmacological Society



Population pharmacokinetics of nalmefene and its μ-opioid receptor occupancy
Introduction

Nalmefene is an opioid system modulator with antago-
nist activity at the μ and δ receptors and partial agonist
activity at the κ receptor [1]. In vitro studies have
displayed that nalmefene has high and comparable affin-
ity with the μ- and κ-opioid receptors and a somewhat
lower affinity to the δ-opioid receptor. The opioid recep-
tors are a subfamily of the family A G protein-coupled
opioid receptor superfamily and consist of μ (OPRM1), δ
(OPRD1), and κ (OPRK1), all of which activate inhibitory
G proteins [2]. It is the first pharmacological treatment
approved for the reduction of alcohol consumption in
adult patients with alcohol dependence, who have a
high drinking risk level (that is, an alcohol consumption
>60 g day–1 for men and >40 g day–1 for women) and
who do not require immediate detoxification [3].
Nalmefene as-needed has been shown to reduce the to-
tal amount of alcohol consumption and number of heavy
drinking days (HDDs) and to improve liver function and
clinical status in two published 6 month studies in pa-
tients with alcohol dependence and in one published
12 month study also in patients with alcohol depen-
dence [4–7]. The proposed mechanism of action of
nalmefene is to reduce the reinforcing effects of alcohol,
helping the patient to reduce drinking.

The clinical PK of nalmefene have been reported in a
couple of study specific papers, mainly using non-
compartmental analysis (NCA) [8–11]. However, no pop-
ulation PK analysis or meta-analysis of nalmefene have
been reported. Nalmefene is a high-clearance drug with
a relatively large volume of distribution.

In terms of pharmacodynamics (PD), the occupancy
of the μ-opioid receptor after administration of
nalmefene has been investigated in a PET study using
the radio ligand [11C]-carfentanil [10, 12].

The primary objective of this paper is to describe the
clinical PK of nalmefene in healthy subjects by means of a
population PK analysis (non-linear mixed effect model-
ling) and to assess the impact of subject specific covari-
ates on the PK parameters. The secondary objective is
to apply this model to relate the exposure of nalmefene
(PK) to the μ-opioid receptor occupancy (PD) by means
of simulations.

Throughout this paper the doses of nalmefene are
given as the salt nalmefene hydrochloride. Twenty mg
nalmefene hydrochloride corresponds to 18.06 mg
nalmefene.
Methods

Study designs and subject characteristics
Data from nine phase 1 studies in healthy subjects with
extensive blood sampling were pooled (Table 1) and
used for the population PK model building. These studies
were conducted/reported from 1983 to 2010. Routes of
administrations were intravenous (i.v), per oral solution
and per oral tablets. Per oral administrations were per-
formed both in connection with food intake and under
fasting conditions. The dose ranges in the pooled dataset
were 0.5–24 mg (i.v. single administration), 20–64 mg
(oral single administration) and 20–80 mg (oral repeated
administrations once daily for 7 days in the 20 mg group
and 40 mg for 2 days followed by 80 mg for 5 days in the
80 mg group). The data set consisted of 243 healthy sub-
jects, who contributed 4136 plasma concentrations. A
summary of the characteristics for the subjects included
in the pooled dataset is given in Table 2. The distribution
of the formulations was i.v. (86 subjects), oral tablet (157
subjects) and oral solution (10 subjects). The distribution
of food intake status was fasted (243 subjects) and fed
(16 subjects).

In addition to the pooled dataset used for model
building, an external validation dataset was created. Data
in this validation dataset were pooled from four different
studies, three single dose and one repeated dose (5 days)
study. These studies were conducted and reported in
2010 and 2011 and not included in the population PK
model building. Route of administration was oral solu-
tion and oral tablets. The dose ranges in the external val-
idation dataset were 20 mg (oral single administration)
and 20–40 mg (oral repeated administrations). The exter-
nal validation dataset consisted of 85 healthy subjects,
who contributed 1522 plasma concentrations. A sum-
mary of the characteristics for the subjects included in
the external validation dataset is given in Table 2. The
distribution of the formulations was oral tablet (79 sub-
jects) and oral solution (six subjects).

Ten of the 13 studies were performed according to
the Helsinki Declaration. For the three oldest studies, no
information is available. However, the studies were all
approved by local Review Boards and included written
consent to participate as specified in 21 CRF, Parts 50
and 56, respectively.

Drug analysis. Two different bioanalytical methods were
used among the studies: radioimmunoassay (RIA) and
liquid chromatography-tandem mass spectrometry (LCMS/
MS). During the early development of nalmefene, a specific
radioimmunoassay (RIA) was developed to quantify
nalmefene in human plasma [13]. Assay specificity was
achieved by extracting nalmefene from plasma at pH 9
into ether prior to RIA. The specificity of the RIA was
established by demonstrating agreement with a less
sensitive and more time-consuming HPLC/ECD procedure
which were used earlier. Three different RIA bioanalytical
methods were used with a lover limit of quantification
(LLOQ) in the range from 0.0625 to 2 ng ml�1 and a
linear range from 0.0625 to 100 ng ml�1. In the most
recent clinical studies, nalmefene and several of its
metabolites have been simultaneously quantified in
Br J Clin Pharmacol / 81:2 / 291



Table 1
Summary of included studies in the datasets for population pharmacokinetic analysis

Study Route of administration Dose (mg) n Bioanalytical method

Analysis dataset studies

A* Oral solution + oral tablets 50 as two SD 6 RIA

B Oral tablets 20 SD and 20 MD for 7 days 12 LCMS/MS

C i.v. 2, 6, 12, 24 as SD 16 RIA

D† i.v. + oral solution 2 i.v. 32 and 64 oral as 1 i.v SD. and 1 oral SD 4 RIA

E i.v. 0.5, 1, 2 as SD 18 RIA

F‡ Oral tablets 20 as two SD 16 LCMS/MS

H i.v. 0.5, 1, 2 as SD 36 RIA

I i.v. 2 as SD 12 RIA

K Oral tablets Either 20 MD for 7 days or 40 MD for 2 days followed by 80 MD for 5 days 123 LCMS/MS

Validation dataset studies

L Oral solution 20 SD 6 LCMS/MS

M Oral tablets 20 SD 8 LCMS/MS

N Oral tablets 20 or 40 MD for 5 days 28 LCMS/MS

O Oral tablets 20 SD 43 LCMS/MS

Subjects were given nalmefene in fasting state except in study F. *Two single doses of nalmefene given in a crossover design of oral solution and oral tablets. †Two single doses of
nalmefene given in a crossover design of i.v. administration and oral solution. ‡Two single doses of nalmefene given in a crossover design in fasted and fed condition. i.v., intra-
venous; LCMS, liquid chromatography-mass spectrometry; MD, multiple dose once daily; MS, mass spectrometry; RIA, radioimmunoassay; SD, single dose.

Table 2
Summary of subject characteristics for the datasets for model building and external validation

Mean SD Minimum Median Maximum

Analysis dataset (n = 243)

Age (years) 35.2 16.9 18 28 80

Weight (kg) 72.29 11.44 51 71.4 109.6

Height (cm) 173.2 8.4 146 173 193

BMI (kg m
�2

) 24.01 2.69 19 23.9 34.8

LBM (kg) 55.65 8.46 37.3 56.3 74.2

Men/women 72%/28%:

External validation dataset (n = 85)

Age (years) 38.74 9.6 20 39 69

Weight (kg) 72.37 10.96 48.9 71.2 106.6

Height (cm) 173.99 9.34 155 173 200

BMI (kg m
�2

) 23.65 2.52 18.7 23.9 29.4

LBM (kg) 54.93 9.04 38.5 54.69 80.9

Men/women 53%/47%

L.-E. B. Kyhl et al.
human plasma using liquid chromatography-mass
spectrometry (LC-MS) techniques. All the bioanalytical
methods using LC-MS or LC-MS/MS were validated in
accordance with the United States Food and Drug
Administration (FDA) guidance on bioanalytical method
validation, and these methods all fulfilled the
requirements for method accuracy and precision stated
in the FDA guidance [14]. Six different LC-MS or LC-MS/
MS methods were used with a LLOQ in the range from
0.1 to 1 ng ml�1 and a linear range from 0.1 to
100 ng ml�1. 37.9% of the plasma concentrations were
analyzed by RIA and 62.1% by LCMS/MS.
292 / 81:2 / Br J Clin Pharmacol
PK model development
Modelling/simulation strategy. A base structural
population PK model was first developed after which
the final model was established by adding the
covariates to the base model one by one and tested
by NONMEM® to determine if they were indeed
statistically significant. The final model was evaluated
and validated both by the model building data
set and by an external data set. A PK/PD (occupancy)
model was developed from one of the studies in
the model building data set, and the established PK/PD
model was used for simulation of concentration–time



Population pharmacokinetics of nalmefene and its μ-opioid receptor occupancy
profiles of nalmefene and corresponding μ-opioid
receptor occupancies.
Structural and error models selection. Nalmefene
concentration–time data were analyzed by non-linear
mixed effects modelling with the NONMEM® software to
develop a base structural population PK model. The base
model was identified by comparing different structural
PK models. The initial structural model was a two
compartment model consisting of central and peripheral
compartments. Three compartment models were also
tested. One compartment models were not examined, as
plasma concentration–time curves showed an apparent
multi-exponential decline. A lag time in absorption after
oral administration was not significant when tested. All
processes were assumed to be first order. Inter-individual
variability (IIV) on the PK parameters was assumed a log-
normal distribution and described as

Pj ¼ θ • exp ηj
� �

where Pj is the parameter P for the jth subject, θ is the es-
timate of the population mean, and nj is the deviation
from the population mean for the jth subject under the
assumption that η ~ N(0,ω2). Residual error was initially
modelled as proportional. Since data after both i.v. and
oral administration of nalmefene were included in the
population PK analysis, the absorption was modelled as
first order, whereas for the i.v. data, the population ab-
sorption rate constant (ka) and absolute bioavailability
(F1) were fixed to 0.001 and 1, respectively.
Covariate analysis. A scatter plot correlation matrix was
developed to examine the dependency among
covariates. The distribution of covariates across subjects
was examined. For covariates that were continuous in
nature, scatter plots of PK parameter.estimates against
covariates overlaid with a LOESS smoother were used
to help identify functional relationships. For covariates
that were categorical in nature, box and whisker plots
of PK parameters for each of the groups were used to
identify differences between groups.

Covariates that were continuous in nature were en-
tered into the model in a median centered manner and
tested in a linear manner or a power function normalized
with the median value. The following covariates were
tested in the population PK model building: age, weight,
height, body mass index (BMI), lean body mass (LBM),
gender, bioanalytical method and food intake. LBM were
calculated according to:

LBM kgð Þ ¼ 1:10�Weight kgð Þ
� 128�Weight2 kg2ð Þ

Height2 cm2ð Þ in males:
LBM kgð Þ ¼ 1:07�Weight kgð Þ
� 148�Weight2 kg2ð Þ

Height2 cm2ð Þ in females:

An additional additive error model was evaluated for
different bioanalytical methods. The additive and pro-
portional error models were then compared with the
proportional error model.

Covariates were added to the base model one by one
and tested by NONMEM® to determine if they were indeed
statistically significant. Covariates were incorporated into
the base model or rejected based on the selection criteria
previously described with a P value for statistical signifi-
cance of 0.01. Covariates that demonstrated significant
population PK model improvement were considered for
the next iteration of covariate model development. The
covariate model demonstrating the greatest improve-
ment in the population PK model was incorporated into
the base population PK model and remaining candidate
covariates re-evaluated incrementally. This process was
repeated until none of the remaining candidate covari-
ates provided significant improvement to the popula-
tion PK model. To determine if all the covariates
included in the fully parameterized population PK
model continued to provide significant influence on
the population model, the covariates included in the
full model were sequentially removed and the resulting
reduced model evaluated to determine if there was
significant model degradation (stepwise elimination).
The significance of the covariate was tested using the
nested model criteria at a more stringent P value of
0.005 to avoid false positives.

Secondary parameters. The individual elimination half-
lives (t½) of nalmefene for all subjects in the population
PK dataset were estimated through empirical Bayesian
estimates (EBE) of the final model parameters.

Model evaluation and validation. Diagnostic plots were
used to assess the goodness-of-fit. In addition, the
standard errors of the estimated parameter and the
confidence intervals for the inter-individual variabilities
and the residual errors were checked.

The stability of the parameter estimates in the final
model was compared with the stability of the parameter
estimates in the base model using the condition number.
The condition number is computed as the square root of
the ratio of the largest eigenvalue to the smallest eigen-
value of the covariance matrix of the estimates. Condi-
tion numbers less than 1000 indicate acceptable
stability of the parameter estimates [15]. The standard er-
ror of the final model parameter values were estimated
using the non-parametric bootstrap approach. Two hun-
dred bootstrap datasets were generated by repeated
Br J Clin Pharmacol / 81:2 / 293
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random sampling with replacement from the NONMEM®

input data file, and the final NONMEM® model was fitted
to the bootstrap datasets. The mean and 95% confi-
dence intervals for the population PK parameters were
derived and compared with the estimates for the origi-
nal dataset. The percentile bootstrap 95% confidence
interval was estimated by ranking the parameters from
the bootstrap runs.

The shrinkage for the individually estimated concen-
trations (epsilon shrinkage) and parameters (eta shrink-
age) was calculated [16]. Although no formal criterion
exists, a level of 0.2 was used to conclude ‘no shrinkage’.

External validation. The predictive performance of the
final PK was also evaluated using the external validation
dataset. Model- and simulation-based diagnostics were
performed by using normalized prediction distribution
errors (NPDE) [17] and visual predictive checks (VPC).
The NPDEs were produced by running the final PK
model using the external validation dataset with all
parameters, except the residual error, as fixed. The
NPDEs are expected to follow a N (0, 1) distribution. The
following plots were created: frequency histogram and
qq-plot of the NPDEs, NPDE vs. TIME and NPDE vs.
population predicted concentration.

For the VPCs, 1000 simulations with 20 mg as a single
dose and 1000 simulations with 20 mg as multiple dose
for 5 days were performed based on the final PK model
and mimicking the dosing length and PK sampling time
points as for the study contributing with the external val-
idation dataset. The median and 90% prediction intervals
(5% and 95% percentiles) of simulated concentrations
were plotted together with the observed concentrations
in the external validation dataset and their median and
90% prediction intervals. The number of observed con-
centrations ‘outside’ the simulated 90% prediction inter-
vals was counted. Different plots were created for day 1
and day 5 of dosing.

PK/PD (occupancy) modelling
Based on the last decade of research, the μ-, δ- and
κ-antagonist [11C]-diprenorphine, the μ-agonist [11C]-
carfentanil and μ-and κ-antagonist [18F]-fluoro-cyclofoxy
were the most widely applied tracers [18]. Study B
(Table 1) was an imaging study investigating central
μ-opioid receptor occupancy using positron emission
tomography (PET) with the ligand [11C]-carfentanil. As
nalmefene in in vitro studies displayed the highest affin-
ity to the μ opioid receptor and [11C]-carfentanil has a
pronounced selectivity for this receptor, [11C]-carfentanil
was chosen as the ligand. Eight healthy subjects were
first administered a single dose of 20 mg nalmefene,
followed by repeated dosing (20 mg orally, once daily
over 7 days) after a drug-free wash-out period of at least
1 week and no more than 1 month. PET measurements
and extensive blood sampling for PK analyses were
294 / 81:2 / Br J Clin Pharmacol
performed after both dosings (i.e. single and repeated).
The PK and occupancy results of the study have been
published elsewhere [10], but without any PK/PD
modelling. In order to simulate the μ-opioid receptor
occupancy in a large population, the relationship
between the plasma concentrations of nalmefene and
the occupancy for the eight subjects in study B was
modelled using non-linear mixed effect analysis using
an Emax model on the form

Occ ¼ Occmax� CPET= EC50 þ CPETð Þ

where Occmax is the maximum μ-opioid receptor occu-
pancy, CPET the plasma concentration of nalmefene at
the time of the PET measurement and EC50 the plasma
concentration of nalmefene necessary to give 50% occu-
pancy. The impact of subject specific covariates was not
tested due to the low number of subjects.

Model evaluation was based on goodness-of-fit plots
together with assessment of standard errors of the esti-
mated parameters. Random effects (IIV) on Occmax and
EC50 were assumed to follow a log-normal distribution.

Simulations
Five thousand plasma concentration–time profiles of
nalmefene and corresponding μ-opioid receptor occu-
pancies after a single dose of 20 mg nalmefene were sim-
ulated for the target population with a uniform age
distribution (18–80 years) and a LBM distribution equal
to the one found in the dataset used for population PK
analysis (~N(56,72)). Half of the subjects were adminis-
tered the tablet in connection with food and the other
half in fasting conditions. Since no correlation between
age and LBM could be found in the population PK analy-
sis dataset (r = 0.13), no such correlation was included in
the simulations.

Software
The population PK analysis was performed with the soft-
ware NONMEM®, version VI, Level 1.0 (ICON Development
Solutions, Ellicott City, Maryland, USA). Optimization
was achieved using the FOCE method with interaction.
The PK/PD analysis and simulations used version 7 of
NONMEM®. Plots were produced with S-PLUS®, version 6.2
(Insightful Corp., Seattle, Washington, USA).
Results

Population PK analysis
Visual inspection did not identify any outliers
(Figure 1).

A two compartment model best described the
nalmefene PK data and was chosen as the structural
model. The model was parameterized in terms of absorp-
tion rate constant (ka), clearance (CL), central volume of
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Figure 1
Goodness-of-fit plots for the final population pharmacokinetic model for nalmefene

Population pharmacokinetics of nalmefene and its μ-opioid receptor occupancy
distribution (V2), inter-compartmental clearance (Q), pe-
ripheral volume of distribution (V3) and bioavailability
(F1). Inter-individual variability was modelled as expo-
nential terms on CL, V2, Q, V3, ka and F1. Following selec-
tion of the two compartment model as the structural
model, food effect was tested on ka and F1 in the oral
studies. Food effect on F1 produced a significant reduc-
tion (�67.689) in OFV compared with the reference
model. An additional additive error model was also
tested to describe residual variability for the different
bioanalytical methods employed across all studies. An
additional additive error model produced a significant
reduction (�25.387) in OFV compared with the reference
model. Therefore, food effect on F1 and an additional ad-
ditive error model for the RIA method were included in
the base model in order to obtain a better fit of the
model to the data, and a significant reduction
(�93.983) in OFV was observed compared with the refer-
ence. No significant correlation between CL and V2 was
observed in the base model (Corr(V, CL) = 0.20).

The covariate modelling step revealed lean body
mass (LBM) on CL (power model), formulation on ka and
age on V2 (linear model) as significant covariate–
parameter relationships. Therefore, the final model was
a two compartment model with no lag time, inter-
individual variabilities expressed as exponential terms
on CL, V2, Q, V3, ka and F1, food effect on F1, residual er-
ror modelled as proportional and an additional additive
error model for the RIA bioanalytical method, with the
following significant covariates: LBM (CL), formulation
(ka) and age (V2).

Parameter values for the final model are given in
Table 3 while goodness-of-fit plots are shown in Figure 1.
The model for CL was as follows:

CL ¼ 60:4* LBM=56:28ð Þ0:626

The model for V2 was as follows:

V2 ¼ 266–2:11* Age-28ð Þ

The value for ka was 0.75 h�1 for the oral tablet and
1.40 h�1 for the oral solution and the value for V3 was
Br J Clin Pharmacol / 81:2 / 295



Table 3
Parameter values for the final population pharmacokinetic model for
nalmefene

Model parameters Parameter estimate

Clearance (CL)

Estimate (l h
�1

) 60.4

RSE† (%) 2.30

IIV‡ (%) 18.7

LBM on CL (power)

Estimate 0.626

RSE† (%) 19.3

Volume of distribution, central compartment (V2)

Estimate (l) 266

RSE† (%) 13.9

IIV‡ (%) 66.6

Age on V2 (linear)

Estimate (l) �2.11

RSE† (%) 43.5

Inter-compartmental clearance (Q)

Estimate (l h
�1

) 109

RSE† (%) 5.38

IIV‡ (%) 44.5

Volume of distribution, peripheral compartment (V3)

Estimate (l) 537

RSE† (%) 5.05

IIV‡ (%) 45.8

Absorption rate constant (ka) for oral tablet

Estimate (1 h
�1

) 0.751

RSE† (%) 13.2

IIV‡ (%) 69.9

Absorption rate constant (ka) for oral solution

Estimate (1 h
�1

) 1.40

RSE† (%) 24.0

Absolute bioavailability (F1)

Estimate 0.406

RSE† (%) 3.37

IIV‡ (%) 20.1

Food on F1 (fractional change)

Estimate 0.294

RSE† (%) 8.64

Proportional residual error

Estimate 0.094

CV (%) 30.7

RSE† (%) 1.48

Additive residual error for RIA

Estimate 0.00065

SD 0.0255

RSE† (%) 26.0

Maximum effect (Emax)

Estimate (%) 99.4

RSE† (%) 2.4

Concentration producing 50% of maximum effect (EC50)

Estimate (ng ml
�1

) 0.338

RSE† (%) 8.8

†Relative standard error (RSE) was calculated as standard error/estimate* 100. ‡Inter-
individual variability. The model for CL was as follows: CL = 60.4 * (LBM/56.28)

0.626
.

The model for V2 was as follows: V2 = 266–2.11 * (Age-28). The food effect on F1
was as follows: F1 = 0.406 * (1 + 0.294 *FED), where FED =0 under fasting condition,
FED =1 under fed condition. The error model for the bioanalytical method RIA was as
follows: Y = IPRED + F * EPS(1) + EPS (2) The error model for the bioanalytical method
LC-MS/MS was as follows: Y = IPRED + F * EPS(1).

L.-E. B. Kyhl et al.
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537 l. The typical subject in the population studied with a
LBM of 56.28 kg and age of 28 years was estimated to
have a central volume of distribution of 266 l and clear-
ance of 60.4 l h�1.

The mean elimination half-life (t½) was 12.7 h with a
standard deviation of 4.2 h. Absolute oral bioavailability
was estimated as 41%. Food intake increased the oral
bioavailability by approximately 30%, resulting in an oral
bioavailability of 53%. Without food intake the oral
values of CL/F, V2/F and V3/F are estimated to 149 l h�1,
655 l and 1323 l, respectively, whereas the values after
food intake were estimated to 115 l h�1, 506 l and
1022 l, respectively.
Model performance and validation
The final model for nalmefene was considered stable
with a condition number of 8.04. The base model had a
condition number of 6.10, similar to the final model. In
addition, results from the bootstrap analysis of 200
datasets (Table 4) indicated a stable final model with a
difference of maximum ±3% between the parameter
value from the final analysis and the bootstrap value.
The eta shrinkages were 22% (CL), 19% (V2), 32% (Q),
22% (V3), 43% (ka) and 40% (F1), while epsilon shrinkage
was 30%.

The external validation dataset and simulations
based on the final model were used to generate
VPC plots (Figure 2). The number of observed
concentrations outside the simulated 90% confidence
bound was 7.8% for day 1 and 9.7% for day 5. The
NPDEs were estimated and plotted (Figure 3) and
followed very closely a N(0,1) distribution with no
signs of dependency to time or estimated plasma
concentrations.
PK/PD (occupancy) modelling. The relationship between
the plasma concentration of nalmefene and the μ-opioid
receptor occupancy could be reliably described by an
Emax model (see Figure 4). The parameter values for
Emax and EC50 were 99.4% and 0.338 ng ml�1,
respectively, with relative standard errors of 2.4% and
8.8%, respectively.
Simulations
The developed PK/PD occupancy model was used to
simulate plasma concentrations and corresponding
μ-opioid receptor occupancies during the first 24 h
after a single dose of 20 mg nalmefene (Figure 5),
both after fasting and fed conditions in connection
with dosing. As can be seen in Figure 5, for up to
22–24 h after dosing the 95% confidence bound of
simulated occupancies was within or above the
60–90% occupancy region.



Table 4
Bootstrap values and bootstrap confidence interval for the final phar-
macokinetic model for nalmefene

Model parameters Bootstrap estimate

Clearance (CL)

Estimate (l h
�1

) 60.4

RSE† (%) 2.44

95% confidence interval 57.4, 63.0

LBM on CL (power)

Estimate 0.616

RSE† (%) 18.5

95% confidence interval 0.375, 0.827

Volume of distribution, central compartment (V2)

Estimate (l) 266

RSE† (%) 6.39

95% confidence interval 228, 293

Age on V2 (linear)

Estimate (l) �2.05

RSE† (%) 30.5

95% confidence interval �3.23, �0.785

Inter-compartmental clearance (Q)

Estimate (l h
�1

) 108

RSE† (%) 6.55

95% confidence interval 95.0, 124

Volume of distribution, peripheral compartment (V3)

Estimate (l) 539

RSE† (%) 4.94

95% confidence interval 490, 589

Absorption rate constant (ka) for oral tablet

Estimate (1 h
�1

) 0.754

RSE† (%) 7.96

95% confidence interval 0.638, 0.873

Absorption rate constant (ka) for oral solution

Estimate (1 h
�1

) 1.36

RSE† (%) 22.3

95% confidence interval 0.672, 1.92

Absolute bioavailability (F1)

Estimate 0.406

RSE† (%) 3.94

95% confidence interval 0.373, 0.438

Food on F1 (fractional change)

Estimate 0.302

RSE† (%) 22. 4

95% confidence interval 0.175, 0.424

†Relative standard error (RSE) was calculated as standard error/estimate* 100.
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Figure 2
Visual predictive check (VPC) plots for the validation dataset for A) day 1
and B) day 5 of dosing. Full lines show median and percentiles (2.5% and
97.5%) of simulated data, while dotted lines show median and percentiles
(2.5% and 97.5%) of observed data
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Discussion

A reliable, robust and predictive population PK model for
nalmefene has been developed. Non-parametric boot-
strap evaluation and external visual predictive check in-
dicated that the final full model describes the data well
and is predictive.

The PK of nalmefene were well described by a two
compartment model without lag time and with first
order absorption and elimination. Food effect and an ad-
ditive error model for the RIA method were included in
the base model in order to obtain a better fit of the
model to the data.

Mean population clearance (CL) and volume of
distribution (V) values in healthy subjects were in good
agreement with those observed previously in healthy
subjects. Mean population CL was 60.4 l h�1, similar to re-
ported values for healthy subjects after i.v. administra-
tion of 2–24 mg nalmefene of 0.96 l h�1 kg�1 (67 l h�1

for a subject of 70 kg) [19] and 60–65 l h�1 [8]. Mean pop-
ulation volume of distribution, the sum of the central and
peripheral compartment, was 803 l. Reported values for
Vss after non-compartmental analysis were 8.2 l kg�1

(574 l for a subject of 70 kg) [19] and 481–515 l [8]. The
inter-individual variabilities were estimated to be 18.7%
for CL and 66.6% for V2. Absolute oral bioavailability
was estimated as 41% without food intake (with food
about 53%). Earlier the absolute bioavailability has been
reported to be in the range of 40–50% [8].
Br J Clin Pharmacol / 81:2 / 297
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Normalized prediction distribution error (NPDE) plots for the validation dataset

Nalmefene plasma concentration (ng ml-1)

O
cc

up
an

cy
 (

%
)

10 15 20 250 5

0
20

40
60

80
10

0

Figure 4
Plasma concentration of nalmefene vs. observed and fitted μ-opioid
receptor occupancy
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LBM and age were covariates found to statistically sig-
nificantly affect CL and V2, respectively. Addition of LBM
resulted in an overall decrease of 1.3% in inter-individual
298 / 81:2 / Br J Clin Pharmacol
variability of CL. Addition of age as a covariate helped re-
duce the inter-individual variability in V2 by about 5.6%.
A typical subject in the population studied with a LBM
of 56.28 kg and age of 28 years old was estimated to have
a V2 of 266 l and CL of 60.4 l h�1. As LBM increased from
37.3 to 74.2 kg in the population studied, the typical
value of CL increased from 46.7 to 71.8 l h�1. V2 of
nalmefene was found to decrease with age in a linear
fashion. Over the age range of 18 to 80 years observed
in the population studied, the typical value of V2
decreased from 287 to 156 l.

The mean elimination half-life was estimated to
12.7 h, very similar to the 12.5 h given in the Summary
of Product Characteristics for Selincro 18 mg film-coated
tablets [3]. The elimination half-life has previously been
estimated to be around 10 h, both after i.v. and oral ad-
ministration [8, 9, 11]. Nalmefene is extensively metabo-
lized by the liver and excreted predominantly in the
urine (about 5% of an intravenous dose is excreted in
the urine as intact nalmefene [8]), but none of the meta-
bolites are considered to be a major contributor to the
pharmacological effect of nalmefene [3]. Due to the
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Figure 5
A) Simulated plasma concentration curves of nalmefene and B) simu-
lated duration of μ-opioid receptor occupancy after a single dose of
20 mg in fed state with 95% confidence bounds
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relatively short half-life, accumulation of nalmefene after
multiple administrations once daily will be low (average
accumulation index at steady-state estimated to 1.37).
After oral administration, nalmefene was rapidly absorbed
with a mean peak concentration estimated around 1 to
1.5 h (see Figure 5). This is in accordance with previous
reported values of peak concentrations occurring approxi-
mately 1 to 2.5 h after oral administration [9, 10].

The population PK model developed for nalmefene
has used data from healthy subjects only since PK data
from adults with alcohol dependence were not available.
Neither are there any PK data of nalmefene in adults with
alcohol dependence reported in the literature. One fac-
tor of importance for the PK that potentially could differ
between the adult healthy population and adults with al-
cohol dependence is the liver function. The effect of liver
disease on the disposition of nalmefene was studied in
12 patients with liver disease (four mild, five moderate
and three severe) and 12 age-, weight- and gender-
matched control subjects after a single i.v. administration
of 2 mg [11]. The patients with liver disease had on aver-
age 33% lower clearance, 32% longer half-life and 39%
higher AUC(0,∞) compared with the control subjects.
There was also a significant relationship between disease
severity (Pugh score) and clearance of nalmefene, with
lower clearance for the more severe patients. Oral admin-
istration of a single dose of nalmefene 20 mg to patients
with mild or moderate hepatic impairment increased
exposure relative to that in healthy subjects [3] In patients
with mild hepatic impairment, exposure increased 1.5
times and oral clearance decreased by approximately
35%. In patients with moderate hepatic impairment, expo-
sure increased 2.9 times for AUC and 1.7 times for Cmax,
while oral clearance decreased by approximately 60%.
No clinically relevant changes were seen in tmax or elimina-
tion half-life for any of the groups. PK data after oral
administration of nalmefene to patients with severe
hepatic impairment are not available. No dose adjustment
is recommended for patients with mild or moderate he-
patic impairment, whereas nalmefene is contraindicated
in patients with severe hepatic impairment.

Most of the patients targeted for nalmefene are ex-
pected to be without moderate to severe hepatic impair-
ment. We therefore consider the healthy population as
representative for the target population regarding the
pharmacokinetics of nalmefene.

It has been concluded that ‘a persistent μ-opioid re-
ceptor blockade can be induced by a single nalmefene
tablet and supports the rational of administering
nalmefene when needed before alcohol drinking’ [10].
In the summary of product characteristics for nalmefene
for the treatment of reduction of alcohol consumption it
is stated that nalmefene ‘is to be taken as-needed: on
each day the patient perceives a risk of drinking alcohol,
one tablet should be taken, preferably 1–2 h prior to the
anticipated time of drinking’ [3]. Antagonists for G-
protein coupled receptors (GPCR) require approximately
60–90% target occupancy to trigger therapeutic effects
in patients [20]. It has been shown that a single adminis-
tration of 20 mg nalmefene resulted in μ-opioid receptor
occupancies of around 100% and 85% at 3 and 26 h after
dosing, respectively [10]. As can be seen in Figure 5, our
simulations of the μ-opioid receptor occupancy show
that for 95% of the general population the occupancy re-
mains within or above 60–90% for up to 22–24 h after a
single administration of 20 mg nalmefene. That is, re-
gardless if the tablet is taken at 10.00 h in the morning,
at 16.00 h in the afternoon or at 22.00 h in the evening,
the effect (μ-opioid receptor occupancy) will still remain
to at least the morning of the day after.

In summary a robust PK/PD model for nalmefene was
developed. After a single 20 mg dose of nalmefene the μ-
opioid receptor occupancy was simulated to be within or
above 60–90% for up to 22–24 h.
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